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Abstract 
Multi-component gas systems can have a significant influence on the separation performance of polymeric gas 
separation membranes for carbon capture. CO2 permeability in Matrimid 5218 membranes is reported here for a 
laboratory grade CO2/N2 gas mixture, as well as when H2S and CO are present at ppm concentrations. The 
competitive sorption effects of N2, H2S and CO reduce the permeability of CO2 in Matrimid compared to the pure 
gas system. Asymmetric flat sheet Matrimid 5218 membranes were also tested on industrial unshifted syngas, as 
part of the CO2CRC Mulgrave capture project. For this multi-gas application, minor components such as H2S, water 
and hydrocarbons, in addition to the significant quantities of CO, N2 and H2, all serve to reduce CO2 permeance. 
However, partly as a consequence of this competitive sorption, the membrane displays relatively good H2 
permeance and selectivity, in the mixed gas environment. Such a membrane might be useful in reducing the gas 
volumes processed in a downstream solvent absorption step, or might be used in a membrane reactor as part of the 
water gas shift reaction. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
 Membrane based technologies have great potential in carbon dioxide capture, because they have a number 
of advantages over other capture technologies, such as lower operating costs, smaller footprint and linear scale-up 
[1]. However, in many industrial processes where these membranes are applicable, minor gas components such as 
carbon monoxide (CO) and hydrogen sulphide (H2S) are present [2]. These impurities can cause a reduction in 
performance for polymeric membranes both through competitive sorption and plasticization.  Competitive sorption 
has the greatest impact on glassy membranes, causing a loss in both permeability and selectivity, as the minor 
component occupies free volume that would otherwise be occupied by CO2 [3]. Plasticization, a swelling of the 
membrane structure caused by the presence of the impurities, can increase the permeability of all gas species and 
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thus again lead to a loss in selectivity [4]. This phenomenon can also cause a loss in mechanical strength that can 
lead to membrane compaction or failure. 
 
For polymeric membranes, the selective layer is generally a non-porous film that transports gases by the solution-
diffusion mechanism, which is described by the solubility of a specific gas within the membrane and its diffusion 
through the dense polymeric matrix. The relationship between permeability, diffusivity and solubility is [5]: 
 
          (1) DSP =
 
Where P is the permeability coefficient (cm3(STP) cm cm-2 s-1 cmHg-1, or the more common unit is the barrer (10-10 
cm3(STP) cm cm-2 s-1 cmHg-1)). D is the thermodynamic diffusivity coefficient (cm2 s-1) and S the solubility 
coefficient (cm3(STP) cm-3 cmHg-1). In cases where the thickness of the selective layer is uncertain, gas flows 
through the membrane may  be quantified by the gas permeation unit (GPU), which has the units of 10-6 cm3(STP) 
cm-2 s-1 cmHg-1. The ideal selectivity () of one gas, A, over another gas, B, is defined as: 
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In this work, the impact of a range of minor components, specifically H2S and CO, which are present in pre-
combustion syngas have been tested on membranes manufactured from the glassy polymer Matrimid 5218 in the 
laboratory. These results are compared to those obtained for a flat sheet Matrimid 5218 membrane in pilot scale 
trials of CO2 separation from industrial gas streams as part of the CO2CRC Mulgrave Capture trials [6]. The 
Mulgrave trial involves syngas generated from an air-blown brown coal gasifier and thus contains CO, water, some 
hydrocarbons and H2S, in addition to H2, CO2 and N2 (see Table 1). The capacity of the membrane pilot plant in 
these trials is relatively small, at around 5.6 kg of CO2 per day, but allows for the testing of a range of membranes at 
both ambient and elevated temperatures. 
 
2. Experimental 
 Matrimid 5218 was supplied by Huntsman Chemicals (USA) and used as supplied. Flat dense membranes 
sheets were cast from chloroform following established procedures [7], giving thicknesses of ~40 m. These were 
dried at 100oC for 24 hours under vacuum and then annealed at 150oC for 48 hours under vacuum. On completion of 
the annealing process, the membranes were cooled slowly to room temperature under vacuum for ~6 hours and 
stored in a moisture free environment for less than a week, to minimize aging effects. Asymmetric membranes were 
produced by dry-wet phase inversion in the laboratory, as described in the literature [8-11]. In this work, the casting 
solution was based on the dope solution used by Clausi and Koros [12]. 1-methyl-2-pyrolidinone (NMP) was used 
as solvent and ethanol (EtOH) was used as non-solvent. The homogeneous solution was prepared by dissolving 
26.2wt% of Matrimid 5218 in a solvent mixture consisting of 58.9wt% NMP and 14.9wt% EtOH at 55°C. 
Membranes were cast on glass plates at room temperature, by means of a doctor blade with a knife gap of 250 μm. 
Immediately after casting, the membranes were left under air circulation until the initially clear, thermodynamically 
stable nascent membranes turned opaque. After another 30 seconds of free convection, the opaque membranes were 
immersed into an ethanol quench bath for 15 minutes. The membranes were then dried in vacuo at 25°C for 24 hrs, 
80°C for 24 hrs and 150°C for 24 hrs. 
 
In the laboratory, pure gas permeability was measured on a constant volume, variable pressure gas permeation 
apparatus described elsewhere [13], while mixed gas conditions were tested on a different instrument, based on 
constant pressure and also reported elsewhere [14]. The membrane films were mounted on a porous stainless steel 
support in a 47 mm test cell, which was placed in an oven maintained at 35oC. A feed stream of 90% N2 : 10% CO2 
gas mixture (BOC Ltd Australia) was passed across the feed side of the membrane, while helium sweep gas passed 
across the permeate side to prevent concentration polarization. The retentate pressure was controlled between 600 
and 1400 kPa, while the permeate side was at atmospheric pressure. Flow rates were maintained and monitored by 
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digital mass flow controllers (Aalborg), with a back pressure regulator on the retentate (Extech Technologies). Each 
membrane was exposed for 2 hours until steady-state CO2 / N2 separation had been obtained, then the feed gas was 
changed to 90% N2 : 10% CO2 with 500 ppm H2S gas mixture or 90% N2 :10% CO2 with 1000 ppm CO gas mixture 
(BOC Ltd Australia), with pressure and temperature conditions the same as before. The steady-state permeability of 
CO2 with the minor component present was then determined after ~4 hours of exposure. Concentrations of CO2 and 
N2 in the permeate gas were determined by gas chromatography (Varian CP-3800, column PORAPAK Q). 
 
The syngas pilot plant studies were conducted at the CO2CRC Mulgrave Capture project site, based on unshifted 
syngas produced from an air-blown brown coal gasifier. This syngas was cooled to atmospheric temperature to 
remove condensables before reheating to the test temperature. The asymmetric Matrimid 5218 was exposed to a 
feed pressure of ~8 bara, at 35oC. The permeate pressure was at atmospheric, with the feed, retentate and permeate 
compositions determined by Gas Chromatography analysis, similar to that above. A typical syngas composition is 
provided in Table 1. 
 
Table 1 Syngas composition from an air-blown coal gasifier as part of the CO2CRC Mulgrave Capture project. 
 
Gas Species Mol % 
CO2 16.2 
H2 9.8 
N2 63.2 
CO 6.7 
CH4 2.8 
H2O 0.25 
H2S ~ 0.05 
Heavier Hydrocarbons 
(propane, ethane etc.) 
~ 1 
 
3. Results and Discussion 
 The permeability of CO2 and N2 through dense Matrimid 5218 membranes is provided in Table 2, with 
reported permeabilities in literature also provided [15, 16]. The differences in the CO2 permeability compared to 
literature can be associated with differing annealing conditions which result in changes to the fractional free volume 
[17]. It is clear that CO2 is more permeable than N2 and provides a CO2/N2 selectivity of 27 at 35oC. 
 
Table 2 Pure gas permeabilities of CO2 and N2 in dense Matrimid 5218, along with literature reported values. 
 
 Experimental Literature [16] Literature [15] 
CO2 Permeability (barrer) 7.8 8.0 6.5 
N2 Permeability (barrer) 0.29 0.2 0.25 
 
The mixed gas permeability of CO2 and N2 through the same dense Matrimid membrane is provided in Table 3, and 
for CO2 indicates a considerable loss in permeability. This is because the presence of N2 occupies a portion of the 
free volume of the membrane where otherwise CO2 would exist. This reduces CO2 solubility within the membrane 
and subsequently reduces CO2 permeability. N2 permeability also falls, but the impact is less, partly because the feed 
gas is still rich in N2 and partly from the fact that  N2 sorbs less strongly in the Langmuir voids of the polymer than 
CO2. N2 solubility is therefore less affected by the presence of another gas under mixed gas conditions.    
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Table 3  Mixed gas permeability of CO2 and N2 in dense Matrimid 5218, with feed gas composition 90% N2 and 
10% CO2 at 35oC. 
 
CO2 Permeability (barrer) 5.1 
N2 Permeability (barrer) 0.24 
CO2 / N2 Selectivity 21 
 
 
The change in CO2 permeability through Matrimid 5218 membrane upon exposure to 1000 ppm CO or 500 ppm 
H2S under mixed CO2/N2 gas conditions can be seen in Figure 1 as a function of the partial pressure of the minor 
components. A reduction in CO2 permeability is observed for all partial pressures of both minor components. This is 
because the presence of either CO or H2S, even at ppm concentrations, competes with CO2 for sorption within 
Matrimid’s polymeric structure. Both CO and H2S reduce the CO2 permeability to the 4.2 - 4.6 barrer range. H2S is 
able to achieve a more substantial decrease in CO2 permeability at lower partial pressures than CO (0.1-0.5 kPa 
compared to 0.6-1.4 kPa), as H2S has a stronger competitive sorption influence on Matrimid 5218. This is attributed 
to H2S being a more condensable gas than CO [2], which has a significant impact on gas solubility within polymeric 
structures. 
 
 
Figure 1 CO2 permeability through Matrimid 5218 under mixed gas conditions exposed to 500ppm H2S and 
1000ppm CO in 90% N2: 10% CO2 gas mixture at 35oC. 
 
For CO, increasing the partial pressure leads to a slight reduction in CO2 permeability. This is due to increased 
solubility of CO in Matrimid 5218, a product of increased pressure, which competes with CO2 sorption and 
subsequently reduces permeability. The opposite trend is observed for H2S, where low H2S partial pressure has the 
most effect on the permeability of CO2.  As the partial pressure is increased the CO2 permeability also increases 
slightly, though it does not return to the N2/CO2 only measurement. This is believed to be the result of H2S 
plasticizing Matrimid 5218 at higher partial pressures. Plasticization results in an increase in gas diffusivity through 
the polymeric matrix by altering the morphology of the pathways between microvoids, and increasing the fractional 
free volume. Therefore, with increasing partial pressures the plasticization effects of H2S on the polymer give rise to 
increased CO2 permeability, but not as high as the mixed gas case without H2S present. 
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For asymmetric Matrimid 5218, the mixed gas permeances of CO2 and N2 are provided in Table 4. Permeability 
cannot be given because the actual thickness of the active layer is not known. However, this is estimated to be of the 
order of 1 to 2 m via SEM imaging. For the asymmetric membrane the CO2/N2 selectivity is lower than that 
reported above for dense Matrimid under similar conditions. This is because the asymmetric membrane is likely to 
contain some microholes or defects [18], created as part of the fabrication process. These microholes allow both 
CO2 and N2 to diffuse through, and therefore decrease the selectivity. 
 
Table 4   Permeance (GPU) and selectivity of mixed gases (90% N2 and 10% CO2) in asymmetric Matrimid 5218 at 
35oC. 
 
 This Work 
CO2/N2  
Mixture 
Literature 
Pure Gas, 
hollow fibre[17] 
CO2 Permeance (GPU) 10.5 14.7 
N2 Permeance (GPU) 0.86  
CO2 / N2 12  
 
 
The permeance of the major gases present in unshifted syngas through asymmetric Matrimid 5218 from the pilot 
plant trials are provided in Table 5. Selectivity data is provided in Table 6. 
 
Table 5  Permeance (GPU) of unshifted syngas components through asymmetric Matrimid 5218 in pilot trials at 
35oC. 
 
CO2 4.2 
H2 6.5 
N2 0.8 
CO 1.3 
CH4 0.3 
 
 
The CO2 permeance of Matrimid exposed to syngas is reduced by 60% compared to the laboratory mixed gas 
system (Table 4). This can partly be accounted for by the high H2 permeance through the membrane. As a non-
condensable inert gas, H2 will compete in a similar manner to that of nitrogen, as observed in the laboratory 
experiments described above. However, CO2 permeance will also be strongly affected by the large concentrations of 
CO (much greater than in laboratory experiments), as well as more minor concentrations of H2S and other 
condensable gases such as water, methane and heavier hydrocarbons [2]. Indeed, even small concentrations of such 
gases can halve the CO2 permeance of a polyimide membrane [19]. The membrane has a higher permeance for CO 
than N2, possibly due to the polar nature of the molecule and therefore stronger interactions with the polymer. 
Conversely, for CH4, permeance values comparable to that of nitrogen are observed. 
 
Table 6  Ideal CO2 and H2 selectivities of asymmetric Matrimid 5218 against components in unshifted syngas at 
35oC. 
. 
CO2/H2 0.65 H2/CO2 1.5 
CO2/N2 5.4 H2/N2 8.0 
CO2/CO 3.3 H2/CO 5.0 
 
 
The high H2 flux means that under unshifted syngas conditions the membrane does not produce a CO2 rich 
permeate. Rather the membrane acts to increase hydrogen concentrations (Table 6). Specifically, the membrane 
reduces the amount of N2, CO and CH4 in the permeate gas compared to the syngas.  Such a membrane separation 
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might be used upstream of a solvent absorption process, which could be significantly smaller and hence more cost-
effective than if used alone, or it could be incorporated into a membrane reactor arrangement to enhance the water 
gas shift reaction by removing product hydrogen as it forms.  
4. Conclusions 
 Matrimid 5218 membranes have demonstrated reduced performance for CO2 separation under mixed gas 
conditions compared to that observed under pure gas measurements. Laboratory experiments showed that the 
presence of N2, H2S and CO reduced the CO2 permeability substantially compared to the pure gas case, due to 
competitive sorption of these gases within the polymeric matrix, which reduces CO2 solubility. Similar behavior was 
reported for the performance of Matrimid 5218 asymmetric membranes in separating CO2 from syngas, where 
components such as CO, H2S, H2O, CH4 and heavier hydrocarbons led to reduced CO2 permeance. However, a high 
H2 permeance and relatively high H2 selectivity was measured offering potential for such membranes to be used to 
enhance H2 concentrations in such syngas streams. 
 
5. Acknowledgements 
We acknowledge the funding provided by the Australian Government through its CRC Program to support this 
research. The authors would also like to thank the Particulate Fluids Processing Centre (PFPC) for their continued 
support and use of equipment. 
 
6. References 
[1] C. E. Powell, G. G. Qiao, Polymeric CO2/N2 gas separation membranes for the capture of carbon dioxide 
from power plant flue gases, J. Membrane Sci. 279 (2006) 1-49. 
[2] C. A. Scholes, S. E. Kentish, G. W. Stevens, Effects of minor components in carbon dioxide capture using 
polymeric gas separation membranes, Sep. Purif. Reviews 38 (2009) 1-44. 
[3] W. J. Koros, R. T. Chern, V. Stannett, H. B. Hopfenberg, A model for permeation of mixed gases and 
vapors in glassy polymers, J. Polym. Sci. Polym. Phys. Ed. 19 (1981) 1513-1530. 
[4] R. E. Kesting, A. K. Fritzche, Polymeric Gas Separation Membranes. Wiley, New York, 1993 
[5] J. H. Petropoulos, Mechanisms and theories for sorption and diffusion of gases in polymers, Editor^Editors 
Polymeric Gas Separation Membranes, D. R. Paul and Y. Yampol'skii. Place  1994,17-81 
[6] www.co2crc.com.au. 
[7] C. E. Powell, X. J. Duthie, S. E. Kentish, G. G. Qiao, G. W. Stevens, Reversible Diamine cross-linking of 
polyimide membranes, J. Membrane Sci. 291 (2007) 199-209. 
[8] H. Kawakami, M. Mikawa, S. Nagaoka, Formation of surface skin layer of asymmetric polyimide 
membranes and their gas transport properties, J. Membrane Sci. 137 (1997) 241-250. 
[9] M. Mikawa, S. Nagaoka, H. Kawakami, Gas permeation stability of asymmetric polyimide membrane with 
thin skin layer: effect of molecular weight of polyimide, J. Membrane Sci. 208 (2002) 405-414. 
[10] I. Pinnau, J. Wind, K. V. Peinemann, Ultrathin multicomponent poly(ether sulfone) membranes for gas 
separation made by dry/wet phase inversion, Ind. Eng. Chem. Res. 29 (1990) 2028-2032. 
[11] S. Shishatskiy, C. Nistor, M. Popa, S. P. Nunes, K. V. Peinemann, Polyimide Asymmetric Membranes for 
Hydrogen Separation: Influence of Formation Conditions on Gas Transport Properties, Advanced 
Engineering Materials 8 (2006) 390-397. 
[12] D. T. Clausi, W. J. Koros, Formation of defect-free polyimide hollow fiber membranes for gas separations, 
J. Membrane Sci. 167 (2000) 79-89. 
[13] X. J. Duthie, S. E. Kentish, C. E. Powell, K. Nagai, G. G. Qiao, G. W. Stevens, Operating temperature 
effects on the plasticization of polyimide gas separation membranes, J. Membrane Sci. 294 (2007) 40-49. 
[14] C. J. Anderson, S. J. Pas, G. Arora, S. E. Kentish, A. J. Hill, S. I. Sandler, G. W. Stevens, Effect of 
pyrolysis temperature and operating temperature on the performance of nanoporous carbon membranes, J. 
Membrane Sci. 322 (2008) 19-27. 
686 C.A. Scholes et al. / Energy Procedia 4 (2011) 681–687
 C. Scholes et al./ Energy Procedia 00 (2010) 000–000 7 
[15] P. S. Tin, T. S. Chung, Y. Liu, R. Wang, S. L. Liu, K. P. Pramoda, Effects of cross-linking modification on 
gas separation performance of Matrimid membranes, J. Membrane Sci. 225 (2003) 77-90. 
[16] J. N. Barsema, S. D. Klinjnstra, J. H. Balster, N. F. A. van der Vegt, G. H. Koops, M. Wessling, 
Intermediate polymer to carbon gas separation membranes based on Matrimid PI, J. Membrane Sci. 238 
(2004) 93-102. 
[17] X. J. Duthie, S. E. Kentish, S. J. Pas, A. J. Hill, C. E. Powell, K. Nagai, G. W. Stevens, G. G. Qiao, 
Thermal treatment of dense polyimide membranes, J. Polym. Sci. B. 46 (2008) 1879-1890. 
[18] J. H. Kim, B. R. Min, H. C. Park, J. Won, Y. S. Kang, Phase behavior and morphological studies of 
polyimide/PVP/solvent/water systems by phase inversion, Journal of Applied Polymer Science 81 (2001) 
3481-3488. 
[19] R. Hasan, C. A. Scholes, G. W. Stevens, S. E. Kentish, Effect of hydrocarbons on the separation of carbon 
dioxide from methane through a polyimide gas separation membrane, Ind. Eng. Chem. Res. 48 (2009) 
5415-5419. 
 
 
C.A. Scholes et al. / Energy Procedia 4 (2011) 681–687 687
